Currently several groups are actively researching the integration of a megavoltage teletherapy unit with magnetic resonance (MR) imaging for real-time image-guided radiotherapy. The use of a multileaf collimator (MLC) for intensity-modulated radiotherapy for linac-MR units must be investigated. The MLC itself will likely reside in the fringe field of the MR and the motors will produce radio frequency (RF) noise. The RF noise power spectral density from a Varian 52-leaf MLC motor, a Varian Millennium MLC motor and a brushless fan motor has been measured as a function of the applied magnetic field using a near field probe set. For the Varian 52-leaf MLC system, the RF noise produced by 13 of 52 motors is studied as a function of distance from the MLC. Data are reported in the frequency range suitable for 0.2-1.5 T linac-MR systems. Below 40 MHz the Millennium MLC motor tested showed more noise than the Varian 52-leaf motor or the brushless fan motor. The brushless motor showed a small dependence on the applied magnetic field. Images of a phantom were taken by the prototype linac-MR system with the MLC placed in close proximity to the magnet. Several orientations of the MLC in both shielded and non-shielded configurations were studied. For the case of a non-shielded MLC and associated cables, the signalto-noise ratio (SNR) was reduced when 13 of 52 MLC leaves were moved during imaging. When the MLC and associated cables were shielded, the measured SNR of the images with 13 MLC leaves moving was experimentally the same as the SNR of the stationary MLC image. When the MLC and cables are shielded, subtraction images acquired with and without MLC motion contains no systematic signal. This study illustrates that the small RF noise produced by functioning MLC motors can be effectively shielded to avoid SNR degradation. A functioning MLC can be incorporated into a linac-MR unit.
Introduction
A problem encountered in fractionated radiotherapy is the day-to-day patient setup error and internal organ movement during treatment (Langden and Jones 2001 , Webb 2006b , Rietzel et al 2004 van Herk 2004) . Image-guided radiotherapy (IGRT) aims to reduce dose to normal tissue surrounding tumors by reducing the margins needed to account for organ motion, thereby minimizing potential side effects of radiotherapy. IGRT is not a new concept; considerable work has been and is currently being pursued to develop imaging systems to guide radiotherapy (Verellen et al 2008 , Bortfield 2006 . The next significant step toward improving tumor-normal tissue delineation involves the use of real-time imaging during radiotherapy treatment. The use of magnetic resonance (MR) images with exquisite soft tissue contrast will enable reductions in the irradiated normal tissue volume around the cancerous tissue. Several groups are currently working on integrating MR imaging with a megavoltage teletherapy unit , Kirkby et al 2007 , Lagendijk et al 2008 , Dempsey et al 2006 . Our group at the Cross Cancer Institute in Edmonton, Alberta, Canada, has successfully integrated a 0.22 T MR with a linear accelerator (linac-MR). The linac produces a 6 MV photon beam irradiating objects located inside the 0.22 T bi-planar MR magnet through one of its openings. The goal of our linac-MR project is to enable acquisition of MR images of the patient prior to and during irradiation.
Recently, we have reported on the radio frequency (RF) emissions from medical linear accelerators (Burke et al 2009) . Due to the deleterious effects of the extraneous RF noise on MR imaging systems, all possible RF sources in a linac-MR system must be investigated. It is common practice to use multileaf collimators (MLC) for conformal or intensitymodulated radiotherapy (IMRT) to shape dose distribution around the target volume. Several groups are actively studying the use of an MLC for real-time tumor tracking and the effects of MLC movement during radiotherapy (Sawant et al 2008 , Nill et al 2005 , Chen et al 2009 , Webb and Bortfeld 2008 , Webb 2005 , 2006a . It is well known that the dc motors which drive the MLC leaves can produce RF noise (Suriano et al 1998 , Jabbar 1991 . Incorporation of an MLC into a linac-MR system could create magnetic and RF interferences; these possible interferences must be studied.
This investigation reports on the results of the study on the RF interference mentioned above. Using commercially available electric (E) and magnetic (H) field probes, the frequency spectrum of the RF noise from functioning MLC motors was measured as a function of the magnetic field applied to the motors (this paper uses the convention of H when referring to magnetic field strength and B when referring to the magnetic field). In addition, MR images of a phantom were acquired with our linac-MR system in order to study the effect of RF noise produced by the motors driving MLC leaves on the signal-tonoise ratio (SNR) and difference maps of the MR images.
Theory
The measured RF noise from moving MLC leaves is presented as an RF power spectral density after subtracting background levels. Time domain signals from the E and H field probes were used to obtain measured spectral density, M(f), in each case as follows:
(1)
where DFT i (f) is the discrete Fourier transform of one time domain acquisition and N is the number of averages used in the estimation of M(f).
The measured values, M(f), from the E and H probes are related to the corresponding field strengths by applying a performance factor PF(f). For example, the E field is related to the measurement as follows:
(2) Substitute H for E in equation (2) for the H field. A thorough analysis of the performance factors for the near field probes can be found in Burke et al (2009) . The approximate power spectral density (P) of the RF noise was then calculated using the following formula:
(3)
The use of this equation provides an upper limit to the measured power. The background levels were subtracted from the measured power with the MLC moving:
where the individual subscripts refer to the E or H fields, and the subscripts Eb and Hb refer to the measured background fields. The variance of the E or H field is related to the variances in M(f) and PF(f). The variance on the background subtracted power density, P(f), increases with decreasing frequency as shown below. Due to the uncertainty of the performance factors we assign an error of 10% to them. Since 1000 averages were taken in estimating M(f), the error in M(f) was determined to be negligible compared to the error in the performance factors. With the estimation of a 10% error in the performance factors and neglecting errors in M(f), and using error propagation rules, it can be shown that the error in the power above background as a function of frequency is given by (5) Both E and H field performance factors increase as frequency decreases. Therefore, the variance on the power increases at lower frequencies.
We have investigated the emissions of RF noise from dc motors. Models of the emissions of RF noise from dc motors have been suggested. Suriano et al (1998) suggest a model which consists of a monopole antenna above a ground plane. When interpreting our data this model was adopted.
Materials
An EEV M4261 electromagnet (now e2v, Chelmsford, England) with a DCS 33-33 (Sorensen, Azusa, CA, USA) power supply was used to produce a B field. The MLC motors were placed in the electromagnet poles thus subjecting the MLC motors to the B field. The size of the electromagnet was such that approximately half of the motors of one side of the Varian 52-leaf MLC were in the field. With one motor driving one MLC leaf the E and H fields were measured using a near field HZ-11 probe set (Rohde and Schwarz, Munich, Germany). The E probe measures the total E field strength while the H probe was used to measure the three individual orthogonal components of the H field strength; these three components were added in quadrature to obtain the total H field strength. A 3M12-2-2-0.2T (Senis Gmbh, Zurich, Switzerland) Hall probe with a three-axis type C-H3A-E3D-1%-0.2T magnetic field transducer was used to measure the applied B field on the MLC motors under test. The RF noise from three motors was investigated: (1) a 24 V dc brushed motor used in a Varian 52-leaf MLC (Part: 886603-03, Micro MO Electronics, Clearwater, FL, USA), (2) a 24 V dc brushed motor used in a Varian 120 Millennium MLC (Part: 344516, Maxon Motor, Sachseln, Switzerland) and (3) a 48 V brushless dc fan motor (Part: 4712KL-07W-B30, NMB Technologies Corporation, Chatsworth, CA, USA). One thousand DFT averages were taken for each of the Varian 52-leaf, Varian Millennium and brushless fan motors. The field probes were used to measure the power spectral densities in the following cases: (1) the background RF without motor movement, (2) the RF noise due to functioning motors without an applied B field, (3) the RF noise produced by functioning motors subjected to 50, 100 or 500 Gauss B field and (4) the RF noise produced from 13 functioning Varian 52-leaf motors driving 13 MLC leaves as a function of distance from the MLC with no applied B field.
The motor drive board contains 26 H-Bridge chips, which were used to control all motors with a 400 W power supply (SMQ400PS24-C, XP Power, Haw Par Technocentre, Singapore). For real-time control of many motors (on/off, direction), a PCI-bus control module based on field programmable gate arrays was used (National Instruments, Austin, TX). To program and implement motion patterns of the MLC, LabVIEW v.8.5 (National Instruments, Austin, TX) was used.
In a separate investigation, MR images of a phantom were acquired with our 0.22 T linac-MR system . One half of a Varian 52-leaf MLC was placed near the MR magnet and phantom images were acquired while 13 MLC leaves were moved. In one case, the MLC and the associated cables were non-shielded while in the other case the MLC and cables were shielded. The phantom was an acrylic rectangular cuboid (15.95 × 15.95 × 25.4 mm 3 ) with three holes of diameters 2.52, 3.45 and 4.78 mm drilled into it, inserted into a 22.5 mm diameter tube and filled with a 10 mM solution of CuSO 4 . The MR console is as described by Fallone et al (2009) , a TMX NRC (National Research Council of Canada, Institute of Biodiagnostics, Winnipeg, MB, Canada). The console software is based on Python programming language (Python Software Foundation, www.python.org), version 2.3.4, to allow the user full control of development and modification of pulse sequences. Analogic (Analogic Corporation, Peabody, MA) AN8295 gradient coil amplifiers and AN8110 3 kW RF power amplifiers are used in the TMX NRC system.
Methods
The E and H field strengths were measured at distances perpendicular to the movement of the MLC leaves. The setup used to measure the RF noise is shown in figure 1. This was done since the RF noise at the position of an MR coil is the quantity of interest. The time domain signal from the field probes was first amplified using a Rhode and Schwarz broadband preamplifier (model 7405-907BNL), and then transferred from the oscilloscope to a PC using a Keithley KUSB 488 GPIB interface (Keithley Instruments Inc., Cleveland, OH). The software program DADiSP (DSP Development Corporation, Newton, MA) was then used for calculating the E and H field spectral density, as per equation (1).
The resulting DFTs had bin widths of 50 kHz in the frequency domain. As mentioned previously, the signal averages in equation (1) was 1000 for each of the three motors investigated. The approximate power spectral density of the RF noise was then calculated using equation (3), which provides an upper limit to the measured power. The measured background power spectral density was subtracted from the RF power spectral density produced by functioning motors in each case. Two distinct power spectral density measurements were taken: (1) the RF noise from a single continuously functioning motor as a function of the applied B field at a distance of 50 cm and (2) the RF noise as a function of distance from one half of a Varian 52-leaf system with 13 motors continuously moving at the distances of 50, 70 and 100 cm. For measurements near background, the standard deviation was estimated by measuring 20 background power spectrums, each of which was done with 1000 averages. The standard deviation of these background power spectrums at each frequency was then used as our estimate of the error.
The setup used for the imaging study is shown in figure 2. First, an MR image was acquired with the MLC not present. MR images were taken with the MLC at a specific distance from the center of the magnet, first with the MLC static and then with 13 leaves moving. Images were acquired with the MLC plus cables unshielded and shielded. The shielding consisted of a copper box enclosing the motors used to drive the MLC leaves. A prototype rectangular MLC shielding box (8.75″ × 9.25″× 4″) was fabricated which has five closed faces. Each face was manufactured using 0.02″ thick copper sheets. A small slit was cut out from one of the faces to allow the MLC control cables to pass into the copper box. The MLC was inserted into the copper box via the open face. After insertion, the open seams between the MLC and RF shielding box were sealed with conductive copper tape. The ribbon cables used to control movement of the motors were wrapped in aluminum foil. Any small holes or seams were covered over with conductive copper tape or filled with copper wool. In this experiment 13 MLC leaves were moved at a time from a Varian 52-leaf system. The MLC was placed on a stand such that the approximate height of the leaves and motors was the same as that of the coil used to image in the 0.22 T MR. Images with stationary MLC leaves investigated a possible magnetic effect from the presence of the MLC. The distances presented herein are those from the face of the MLC to the center of the MR coil, which was located approximately at the center of the MR magnet. Images were taken in four different orientations of MLC and imaging coil: (1) the MLC and coil oriented as shown in figure 2, (2) the coil as shown in figure 2 and the MLC leaves oriented vertically, (3) the MLC leaves oriented vertically, and the coil and phantom rotated 90° toward the MLC and (4) the MLC as shown in figure 2 and the coil and phantom rotated 90° toward the MLC. The following settings were used in a gradient echo MR imaging sequence; flip angle: 60°, slice width: 5 mm, acquisition size: 128 (read), 128 (phase encode), FOV: 50 × 50 mm 2 , TR: 300 ms, TE: 35 ms, 1 signal average. The resulting image quality or change in image quality was evaluated using the SNR and image subtraction (MLC leaves stationary to MLC leaves moving for the same orientation and distance). The SNR for each resulting image was calculated by taking the mean pixel intensity in a solution containing the region inside the largest of the three holes in the phantom, divided by the standard deviation in a similar sized region of the noise near one of the corners of the image, thereby avoiding any possible artifact effects in the phase or read encode directions. Figure 3 shows the measured RF noise by the E field probe in the time domain from a Millennium motor. The 'spike' shown is one of the larger spikes in both amplitude and duration. Figures 4-6 show the results of the RF power spectral density above background as a function of the applied B field for each of the three motors investigated at a measurement distance of 50 cm. Data have been shown in the frequency range 8-70 MHz, and these data are then useful for all linac-MR systems operating with an MR between 0.2 and 1.5 T. Figure 7 shows the measured power spectral density from 13 motors driving 13 leaves from a Varian 52-leaf MLC at the distances of 50, 70 and 100 cm. The second part of the study involved imaging a phantom while 13 leaves of a Varian MLC system were moved (figure 2). Table 1 shows the results of the measured SNR for each of the previously described orientations used. For each orientation the SNR is shown with the MLC unshielded, leaves stationary and moving (columns 2 and 3), and then with the MLC shielded, leaves stationary and moving (columns 4 and 5). An acquired image in the second orientation (i.e. coil as in figure 2) with no MLC present is shown in figure 9 . The acquired images with the MLC at 70 cm from the MR coil for each unshielded and shielded case in the second orientation are shown in figure 10 . Figure 11 shows the subtraction of figures 10(c) and (d); this is the case where the MLC is shielded. Figures 9 and 10 (a) illustrate that no difference in the SNR was measurable when the MLC is located 70 cm from the MRI coil compared to when the MLC is not present or near the MRI.
Results
In a separate investigation the SNR degradation of the MR image was determined by moving a different number of MLC leaves. With the MLC stationary and located at 70 cm from the MRI coil, we measured an SNR of 72 in the MR image. When 6, 12, 18 and 24 motors were moved at a time, the SNR in an acquired image dropped to 54, 42, 44 and 39 respectively. Several images were acquired for each scenario to determine the reproducibility of the measured SNR. Five images acquired with 12 motors operating produced SNRs within 42 ± 5. The SNR did not always decrease with increasing number of motors since some motors produced more noise than others. However, when 24 motors were shielded using the prototype box, no degradation in SNR compared to the stationary MLC was observed.
Discussion
The use of an MLC during the radiotherapy process will be important for linac-MR systems, which can take advantage of real-time tumor imaging and tracking with dynamic MLC delivery. With the close proximity to an MR unit, the MLC leaves and the motors used to drive them will be placed in a magnetic field. The motors will also produce RF noise which can degrade image quality. The RF power spectral density was measured from three motors as a function of the applied magnetic field to the motors. In the time domain, we could see small spikes of measured noise when the MLC motors were running. These spikes were more prevalent for the Millennium MLC motors. The Millennium MLC motor also ran faster thus contributing to the increase in visible RF noise. The difference in motor speed was observed while the motors from millennium MLC and 52-leaf MLC drove the MLC leaves simultaneously. These small spikes seen in the time domain are a result of arcing between the brushes and commutator bars in the motors resulting in the production of broadband noise (Suriano et al 1998) . The spike shown in figure 3 lasts on the order of a few microseconds. However, generally these spikes were on the order of a hundredth to a few tenths of microseconds. No visible RF noise above background was seen in the time domain when the brushless fan motor was operating, although in the frequency domain a small amount is visible ( figure 6 ).
Although small infrequent spikes were seen in the time domain for the Varian 52-leaf motor, no significant RF noise above background was seen in figure 4. For the Millennium MLC motor ( figure 5 ), there is a small dependence on the applied B field. In the frequency range 15-20 MHz, the RF power reduces for higher applied B field. No other systematic dependence can be seen. Above 40 MHz there seems to be no measured RF noise, and therefore our measurements indicate that little or no RF noise exists at the Larmor frequency for MR systems around or above 1 T. The function and RF noise production by a brushless fan was investigated since brushless motors produce less RF noise (Valentine 1998) . Above an applied field of 100 G the brushless fan motor showed both audible and visible (slower revolutions per minute) strain; therefore, no results above 100 G are shown for this motor. This noticeable strain was likely due to the reduced magnetic shielding around the fan motor as compared to that of the MLC motors used. Near 15 MHz and between 30 and 55 MHz there seemed to be a dependence on the applied B field. The authors are uncertain as to why the measured power density seems to dip below that of background around 15 MHz; this effect requires further investigation. When the RF noise from 13 motors from a Varian 52leaf MLC was studied as a function of distance ( figure 7) , no clear dependence could be seen.
The increased noise in the measured RF noise power spectral density at lower frequencies in figures 4, 6 and 8 is a result of the increasing performance factor of both the E and H probes. The variance on the measured power spectral density is proportional to the product of the E and H antenna factors (as shown above); these factors increase as frequency decreases, therefore leading to larger variance at lower frequencies. Near the lower frequencies shown in figures 4-8, the background subtracted power spectral density dips below zero. This does not mean that the actual power is negative, which would be unphysical; this occurred since we were trying to measure powers similar to that of the background power. Besides the small area near 15 MHz in figure 6 , the data illustrate that on average we could not differentiate between the measured background power and that of the power emitted by the motors. The background was subtracted in the frequency domain since, if subtracted in the time domain, it would lead to misleading results near lower frequencies with all the data shown being positive. In such a case one would then presume an average power above zero existed, which is not the case.
As previously stated, to estimate the error in our background subtracted power spectral densities, the standard deviation at a particular frequency was determined from 20 background measurements. The errors at 8, 10, 15, 20, 30 and 50 MHz are estimated as 0.8, 0.7, 0.3, 0.1, 0.07 and 0.07 nW m −2 . The data shown in figures 4-8 become 'noisy' near 10 MHz and below, because the estimation of the error is similar to the variance in the data shown in these plots. The standard deviations at 1 and 2 MHz were 10 and 4 nW m −2 . Suriano et al (1998) propose a model for the emission of RF noise from a dc motor. The model consists of a monopole above a grounding plane with arcing from the brushes to commutator acting as the input source. A monopole above a ground plane acts as a dipole antenna; the E and H near fields are given in Balanis (2005) . A dipole antenna preferentially emits power perpendicular to the axis of the dipole, while no power is emitted by the dipole along its axis. When measuring the RF noise perpendicular to the direction of MLC motion (as shown in figure 1) , the model predicts a single H field component. The data presented in figure 8 agree with this model and with the specific component expected to be present. When data are measured along the direction of motion of the MLC leaves, the model predicts zero measured power. We measured the power along the MLC leaf movement axis and found that in the same frequency range shown (8-70 MHz), the power spectral density is below 1 nW m −2 . We might expect a small amount due to the fact that our cable system did not present a perfectly straight and rigid monopole. Thus, these measurements qualitatively support this prediction. We do not purport to say that the model by Suriano et al (1998) has been rigorously validated, but only that our measurements of the three Cartesian components of the H field both perpendicular and parallel to the movement of the MLC leaves support the model.
Images of the phantom were taken by placing the MLC at the distances of 70 and 100 cm (figure 10) from the MR coil. From the SNR data presented in table 1, we can see that when the MLC was unshielded the measured SNR was reduced in each of the MLC-coil orientations when the MLC was functioning. However, also shown in table 1 is the measured SNR when the MLC motors and cabling were shielded. In each of the shielded orientations there was neither visible difference between the images nor any experimentally significant difference in the measured SNR obtained with and without continuous MLC motion. These results illustrate that we can effectively shield the RF noise produced by an MLC to the extent that no degradation in image quality and SNR occurs. In each case several images were taken and no effects of the RF noise produced by the shielded MLC plus cables were noticeable. Below 70 cm magnetic effects from the MLC casing to the MR started to become noticeable; therefore, the RF noise could not be studied independently of these magnetic effects. When the MLC was placed at 60 cm from the center of the MR, image artifacts were seen even when the MLC was stationary. For our linac-MR system we are fabricating an MLC casing which will be constructed of non-magnetic materials to reduce magnetic effects. We note that an MLC positioned at 70 cm is further away from isocenter than current clinical systems; however, for a linac-MR system the MLC may be placed around 70 cm from isocenter. In table 1 there is also a slight difference between the measured SNR when the MLC was shielded as compared to that when the MLC was not shielded (for instance even when the MLC was held static). This difference was due to having to re-orient the phantom or reposition the MLC; thus, the same image slice may not have been imaged. However from one static MLC image to the associated image with the MLC moving nothing was changed in the setup. The parameter of interest was the change in SNR (or image quality) from the static MLC case to the associated SNR for a functioning MLC.
Images of the phantom were subtracted from one MLC stationary case to the associated MLC leaves moving case. The results for the second orientation (figure 11) showed that when the MLC motors and cables were shielded the images were nearly identical. When the MLC was shielded, no visible differences between the MLC leaves stationary and MLC leaves moving images could be seen.
When the MR image data were viewed in the k-space, random noise was seen when the MLC was functioning and unshielded. This random noise in the k-space leads to an overall increase in the noise of the image. After the MLC was shielded however, this random noise was not seen in the k-space.
The final position of the MLC with respect to the MRI center has not been determined. Fallone et al (2009) reported on the fringe field of our prototype system. In the range 50-70 cm from the MRI center the measured fringe fields were in the range of 20-250 Gauss. If no magnetic shield is constructed for the MLC the motors themselves will be subjected to these fringe fields. The operation of the MLCs in a magnetic field is an important consideration for linac-MRI systems. Qualitatively during the acquisition of our measurements, the brushed MLC motors used in this work showed no strain or change in operation, such as motor speed, when subjected to a 500 Gauss field.
Conclusions
We have shown that the RF noise produced by a continuously functioning MLC can be effectively shielded. No difference can be seen in image quality when the shielded MLC was stationary and when the motors were used to drive the leaves. The currently used Varian 52leaf MLC motors and Varian Millennium 120-leaf MLC motor did not show any trouble operating in up to a 500 Gauss applied field, nor did they produce a significant change in radiated RF noise. If brushless motors are to be used in place of brushed motors for reduced RF noise production, magnetic shielding may be required. This study has shown that an MLC can be incorporated into a linac-MR system.
Figure 1.
Setup used to measure the RF noise from a functioning MLC. A loop antenna was used to measure the individual magnetic field strength components while a 'ball' probe was used to measure the total electric field strength. Not shown is the electromagnet used when a B field was applied to the MLC motors. Setup used to acquire images of a phantom while 13 leaves of an MLC were moved continuously. Images were taken with the MLC leaves static and then moving as well as with the MLC motors and cables non-shielded and shielded. Background subtracted RF noise power spectral density measured from a Varian 52-leaf MLC motor as a function of the applied magnetic field at 50 cm. Background subtracted RF power spectral density measured from a Millennium MLC motor as a function of the applied magnetic field at 50 cm. Background subtracted RF power spectral density as measured from a brushless fan motor as a function of the applied magnetic field, 50 cm from the motor. Background subtracted RF power spectral density as a function of distance from a Varian-52-leaf MLC with 13 leaves moving. No magnetic field was applied to the motors in this case. MR image of a phantom acquired in the second orientation with the MLC away from the MRI. SNRs of the image of a phantom with half of a Varian 52-leaf MLC was brought near the MR. SNRs shown are for the MLC stationary and 13 MLC leaves moving both in the non-shielded and shielded cases. 
